The 32 Orionis group is a co-moving group of roughly 20 young (24 Myr) M3-B5 stars 100 pc from the Sun. Here we report the discovery of its first substellar member, WISE J052857.69+090104.2. This source was previously reported to be an M giant star based on its unusual near-infrared spectrum and lack of measureable proper motion. We re-analyze previous data and new moderate-resolution spectroscopy from Magellan/FIRE to demonstrate that this source is a young near-infrared L1 brown dwarf with very low surface gravity features. Spectral model fits indicate T eff = 1880 +150 −70 K and log g = 3.8 +0.2 −0.2 , consistent with a 15-22 Myr object with a mass near the deuterium-burning limit. Its sky position, estimated distance, kinematics (both proper motion and radial velocity), and spectral characteristics are all consistent with membership in 32 Orionis, and its temperature and age imply a mass (M = 14 +4 −3 M J ) that straddles the brown dwarf/planetary-mass object boundary. The source has a somewhat red J − W 2 color compared to other L1 dwarfs, but this is likely a low-gravity-related temperature offset; we find no evidence of significant excess reddening from a disk or cool companion in the 3-5 µm waveband.
INTRODUCTION
Current star formation theory holds that the vast majority of stars form in clusters or groups, although whether most come from massive star-forming regions or low-density associations remains a matter of ongoing debate (Adams & Myers 2001; Lada & Lada 2003; Bressert et al. 2010; Koenig & Leisawitz 2014) . The origin of brown dwarfs, objects with insufficient mass to fuse hydrogen (M 0.07 M ⊙ ; Kumar 1962 Kumar , 1963 Hayashi & Nakano 1963 ) is even more uncertain, as these sources are detectable only at relatively short distances, roughly out to the Orion Nebula Cluster (ONC) and Ori OB1 subgroups (d ≈ 400 pc). Young brown dwarfs are increasingly being found in nearby (d 100 pc) sparse associations and moving groups (Zuckerman & Song 2004; López-Santiago et al. 2006; Torres et al. 2008; Gizis 2002; Schlieder et al. 2010; Gagné et al. 2014 Gagné et al. , 2015b thanks to the infrared sensitivity and multi-epoch astrometry provided by the 2 Micron All Sky Survey (2MASS; Skrutskie et al. 2006) and the Wide-field Infrared Survey Explorer (WISE; Wright et al. 2010) , among others. The organizations of these groupings vary considerably, and include clusters, or coeval groups of gravitational bound stars; associations, or coeval groups of stars that are gravitationally unbound and will disperse over ≈10 7 -10 8 yr; and moving groups or streams, which also have common kinematics but may or may not be coeval (Zuckerman & Song 2004; López-Santiago et al. 2006; Torres et al. 2008) . Unlike massive star clusters, nearby associations and moving groups are more widely dispersed and have fewer stars ( 10 2 vs 10 4 for the ONC), making the detection of members challenging. As such, the populations of the most common nearby associations remain incomplete, particularly at substellar masses. Identification and study of brown dwarfs in these systems is essential for characterizing the birth sites and formation processes for the Galactic brown dwarf population, as well as characterizing the influence of age and mass on atmospheric chemistry (e.g., cloud-formation; Burgasser et al. 2008; Looper et al. 2008; Barman et al. 2011) , investigating disk and planet formation and evolution as a function of primary mass (e.g., Jayawardhana et al. 2002; Luhman et al. 2005) , and identifying analogs of young exoplanetary systems (e.g., Marois et al. 2008; Lafrenière et al. 2010; Delorme et al. 2013; Faherty et al. 2013; Gauza et al. 2015) .
Recently, Thompson et al. (2013) reported the detection of a faint infrared source WISE J052857.68+090104.4 (hereafter WISE J0528+0901) whose near-infrared spectrum exhibits features consistent with very low surface gravity. Due to the lack of measureable proper motion in the original WISE data, they concluded that this source is an M giant star. In this paper, we demonstrate that this source is a young L-type brown dwarf/planetary mass object and the first substellar member of the 24 Myr-old 32 Orionis group (Mamajek 2007; Shvonski et al. 2010; Bell et al. 2015) . In Section 2 we present new near-infrared spectroscopic measurements of WISE J0528+0901 obtained with the Folded-port InfraRed Echellette spectrograph (FIRE; Simcoe et al. 2013) at the Magellan Telescopes. In Section 3 we re-analyze the Thompson et al. spectrum by comparing to equivalent data of field and young brown dwarfs in the SpeX Prism Library (SPL, Burgasser 2014 ). This analysis demonstrates that WISE J0528+0901 is a near-clone to a previously-identified young brown dwarf in the 23 Myr-old β Pictoris Moving Group, and we derive temperature and gravity classifications that support its low temperature and surface gravity. In Section 4 we compare the near-infrared spectrum to atmosphere models to determine the physical properties of WISE J0528+0901 and confirm its youth. In Section 5 we examine spatial and kinematic evidence of membership in 32 Orionis. Our results are discussed in Section 6.
FIRE OBSERVATIONS
We obtained new moderate-resolution near-infrared spectral data of WISE J0528+0901 with Magellan/FIRE on 2013 December 12 (UT), in clear conditions and 0.
′′ 8 seeing at J-band. We used the cross-dispersed echellette mode and 0.
′′ 6 slit to obtain 0.8-2.45 µm spectroscopy at a resolving power λ/∆λ ≈ 6000. Four exposures of 900 s each were obtained at different positions along the slit and at an airmass of 1.29. This was followed by observations of the A0 V star HD 33831 (V = 8.02) for telluric correction, flux calibration, and first-order correction of wavelength-dependent slit losses; and ThAr emission lamps for wavelength calibration. We obtained high-and low-illumination flat fields at the beginning of the night for pixel response calibration. All data were reduced using an updated version of the Interactive Data Language (IDL) pipeline FIREHOSE (Gagné et al. 2015a) , which is based on the MASE (Bochanski et al. 2009 ) and SpeXTool (Vacca et al. 2003; Cushing et al. 2004) packages.
The reduced spectrum is shown in Figure 1 , compared to the SpeX spectrum of Thompson et al. (2013) which was used to guide our relative scaling of the individual FIRE orders. The FIRE spectrum appears comparatively noisier, but much of the structure seen arises from overlapping molecular transitions of H 2 O, FeH, CO and VO present in the atmosphere of WISE J0528+0901. The data sufficiently resolve the K I doublets at 1.17 µm (3p 6 4p → 3p 6 3d) and 1.25 µm (3p 6 4p → 3p 6 5s), which we find to be much weaker in strength than those of field late-M and L dwarfs (equivalent widths = 3.0±0.2Å versus 5-10Å for M9-L1 dwarfs; McLean et al. 2003) . We used the three lines at 8 1.1693442 µm, 1.2435700 µm and 1.2525591 µm to measure a heliocentric radial velocity (RV) for WISE J0528+0901 of +18±3 km s −1 , where the uncertainty includes both scatter in the line measurements and 0.8 km s −1 uncertainty in the wavelength calibration.
8 Line centers are in vaccuum wavelengths and are from the NIST Atomic Line Spectral Database (Ralchenko et al. 2011 ).
RE-ANALYSIS OF SPEX DATA
We re-examined the classification of WISE J0528+0901 by Thompson et al. (2013) by comparing its SpeX spectrum to the M and L dwarf spectral standards defined in Kirkpatrick et al. (2010) . Following the prescription of that study, we compared the target spectrum (T [λ] ) to standard spectra (S k [λ] for spectral type k) over the 0.9-1.4 µm wavelength range using a χ 2 statistic,
where the denominator includes only the uncertainty of the WISE J0528+0901 spectrum. The optimized scale factor is Cushing et al. 2008) .
The best match was to the L1 standard 2MASSW J2130446−084520 ; Figure 2 ).
However, as originally noted by Thompson et al. (2013) , there are several distinct peculiarities in the spectrum of WISE J0528+0901, including an unusually peaked Hband (1.7 µm) continuum; weak FeH (1.0 µm), CO (2.3 µm) and Na I (2.2 µm) absorption features; and a prominent 1.05 µm VO band. All of these features are indicators of low surface gravity (Lucas et al. 2001; Gorlova et al. 2003; Allers et al. 2007; Allers & Liu 2013) . We computed additional classifications using the spectral index-based methods of Reid et al. (2001) and Allers & Liu (2013) , which yielded types of L1.8±0.8 and L0.5±0.5, respectively.
9 The near-infrared spectrum of WISE J0528+0901 appears to be that of a peculiar and possibly young L1 dwarf.
We then compared the SpeX spectrum to all 911 optically-classified M5-L5 dwarfs in the SPL. In this case, spectra were compared using the same χ 2 statistic but over the ranges 0.80-1.35 µm, 1.42-1.80 µm and 1.92-2.45 µm to avoid regions of strong telluric absorption. The best-matching spectrum (Figure 2) is that of 2MASS J06085283−2753583 (hereafter 2MASS J0608−2753), a brown dwarf member of the 23±3 Myr β Pictoris Moving Group 10 ( Rice et al. 2010; Mamajek & Bell 2014) . The spectrum of 2MASS J0608−2753 exhibits the same peculiarities as that of WISE J0528+0901, but with slightly weaker VO and H 2 O features and a bluer overall spectrum. Kirkpatrick et al. (2008) reported an optical classification of M8.5γ for 2MASS J0608−2753, the suffix indicating very low surface gravity features in the red 9 Uncertainties include propogation of spectrum measurement uncertainties and systematic uncertainty in relations. 10 Gagné et al. (2014) argued that 2MASS J0608−2753 is a candidate member of the 42 +6 −4 Myr Columba association (Zuckerman et al. 2011; Bell et al. 2015) , although the XY Z Galactic coordinates and U V W space velocities are somewhat discrepant. Re-examination of these quantities using the original proper motion in Rice et al. (2010) make β Pictoris a better kinematic match than Columba. Thompson et al. (2013, red line) . Both spectra are scaled to the apparent 2MASS Ks magnitude of the source. The uncertainty spectrum for the FIRE data is shown in grey. Primary molecular absorption features are labeled, while regions of strong telluric absorption have been masked. The inset box displays the 1.160-1.265 µm region to highlight the K I lines present in the FIRE spectrum used for RV measurement. optical region (see also Cruz et al. 2009 ). We determined equivalent near-infrared gravity classifications for WISE J0528+0901 and 2MASS J0608−2753 using the index-based scheme of Allers & Liu (2013) , which compares the gravity-sensitive features of FeH, VO, K I and H-band continuum shape. Both spectra had gravity scores of VLG (very low gravity), consistent with prior analysis of 2MASS J0608−2753 by Allers & Liu (2013) ; Gagné et al. (2015b) .
Other VLG-classified brown dwarfs reported in that and subsequent studies (e.g., Artigau et al. 2015; Gagné et al. 2015b ) are members of young associations with ages of 5-30 Myr. Allers & Liu (2013) and Gagné et al. (2015b) also classified 2MASS J0608−2753 as an L0 dwarf in the nearinfrared, consistent with our classifications based on comparison to standards (L0.5±0.5) and indices (L0.9±0.8 for Reid et al. 2001) . It has been previously noted that young brown dwarfs have optical classifications that are up to 3 types earlier than their near-infrared types ).
ATMOSPHERIC MODEL FITTING
To more quantitatively characterize the physical properties of WISE J0528+0901, we compared the Thompson et al. spectrum to solar-metallicity BT-Settl atmosphere models (Allard et al. 2012 ) over an effective temperature (T eff ) range of 400-2900 K and a log surface gravity (log g) range of 3.5-5.5 (units of cm s −2 ). Models were smoothed to the equivalent resolution of the data using a Hamming filter (Blackman & Tukey 1958) , and interpolated from the initial grid (steps of 100 K in T eff and 0.5 dex in log g) by linearly interpolating the logarithm of fluxes. We compared the observed spectrum to the models, avoiding the telluric bands, using the same χ 2 statistic as above, and explored parameter space using a custom Markov Chain Monte Carlo (MCMC) code with a Metropolis-Hastings algorithm (Metropolis et al. 1953; Hastings 1970) . We started with an initial T eff = 2100 K, based on its L1 near-infrared classification and the T eff /spectral-type relations of Stephens et al. (2009) , Marocco et al. (2013), and Filippazzo et al. (2015) ; and an initial log g = 4.5 based on its low surface gravity classification. We then computed a chain of 10 5 steps, alternately updating θ = (T eff , log g) by random draws from a normal distribution, at each i th parameter step:
where σ T ef f = 50 K and σ log g = 0.25 dex. The criterion to adopt successive parameters was based on the F-test cumulative distribution function (FCDF),
where U (0, 1) is a random number drawn from a uniform distribution between 0 and 1 and DOF = 169 is the number of degrees of freedom in the fit, accounting for the resolution of the spectral data and two model parameters 11 . We eliminated the first 10% of the chain and then evaluated the distributions of T eff and log g parameters for the remainder. T eff and log g parameter distributions from our MCMC analysis comparing BT-Settl models to the SpeX data for WISE J0528+0901. The lower left corner shows the probability density distribution of our two parameters, determined as a percentage of all MCMC chain steps, with color contours ranging from 0% (light) to 90% (dark) in steps of 20%. This distribution indicates a slight negative correlation between the parameters, with higher T eff s matching to lower surface gravities. Marginalized one-dimensional parameter distributions are shown on the wings, with median and 16% and 84% quantiles labeled and listed. Note that structure in the T eff distribution arises from our model interpolation scheme. This plot was generated using code by Foreman-Mackey et al. (2014) . Table 1 lists the best-fit and median parameter values, while Figure 3 displays the distributions of and correlation between T eff and log g. The surface gravity distribution abuts the lower limit of our models, but is constrained to log g 4.0, while T eff is constrained to 1800-2000 K; i.e., about 200 K cooler than the T eff estimate 11 We had previously employed a pure exponential, U (0, 1) < e −0.5(χ 2 (i+1) −χ 2 (i) ) , as a step criterion (e.g., Aganze et al. 2015) , but found this to be overly discriminatory due to the large values of χ 2 involved. The FCDF properly accounts for the degrees of freedom in the fit. based on its spectral type. Both distributions exhibit structure due to the model interpolation scheme. We find median parameters of T eff = 1880 +150 −70 K and log g = 3.8 +0.2 −0.2 , where the uncertainties correspond to the 16% and 84% quantiles of the marginalized parameter distributions. The best-fit model is shown in Figure 4 , and has T eff = 1713 K and log g = 3.93. This model reasonably represents the overall spectral energy distribution of WISE J0528+0901, but shows large deviations around the 1.05 µm VO band, overly strong H 2 O at 0.9 µm and 1.4 µm, and too sharp of an H-band peak. With χ 2 = 8356 for 169 degrees of freedom, this model is clearly not a precise representation of the data. The best-fit temperature is also a significant outlier as compared to the inferred T eff distribution. The disagreements between spectral models and data necessitate some skepticism in the parameters inferred from the best-fit model.
We attempted to infer physical parameters (mass and age) from our model-fit parameters and the evolutionary models of Baraffe et al. (2003) . This proved to be challenging as the model parameters span an epoch (10-50 Myr) of active deuterium fusion in low-mass brown dwarfs (15-30 M J ), sparsingly sampled in the evolutionary models, during which the thermal pressure briefly reverses the general trend of decreasing surface gravity with decreasing mass via radius expansion (Burrows et −6 M J ) of WISE J0528+0901. Nevertheless, the age is similar to that of β Pictoris and, as discussed below, 32 Orionis, while the mass straddles the deuterium-burning boundary. We re-examine the physical properties of WISE J0528+0901 in Section 6.
ASSOCIATION OF WISE J0528+0901 WITH 32 ORIONIS
WISE J0528+0901 is spatially aligned with several young associations and star forming regions in the general direction of Orion, although it is too nearby to be a member of the any of the Orion OB1 subgroups; e.g., λ Orionis or Ori OB1a (Genzel & Stutzki 1989) . Comparing its apparent 2MASS magnitudes to the absolute magnitude scale of Dupuy & Liu (2012) for spectral types of M9 and L1 (which encompass both its near-infrared and likely optical classifications; see Section 3), we find mean distances of 96±11 pc to 74±8 pc, respectively, or a combined average of 81±13 pc (Table 2) . We also computed the corresponding distances for the WISE W 2 band and found these to be 30% smaller, suggesting excess flux at 5 µm. Indeed, the J − W 2 = 2.62±0.12 color for WISE J0528+0901 is unusually red for M9-L1 dwarfs, even among young sources (Faherty et al. 2012; Filippazzo et al. 2015) . This feature is discussed further in the following section. Note that these distances are likely underestimated, as the Dupuy & Liu (2012) relation is defined for evolved field dwarfs. Young late-M and L dwarfs (10-100 Myr) are generally found to be overluminous in these bands, due to their larger radii and spectral classification offsets (Dupuy & Liu 2012; Faherty et al. 2012; Filippazzo et al. 2015) .
Within the uncertainties, WISE J0528+0901 is roughly at the distance of the B5+B7 star 32 Orionis (93 +6 −5 pc, van Leeuwen 2007), separated by only 3.
• 1 on the sky. Mamajek (2007) first identified a co-moving group of X-ray-bright T Tauri stars around 32 Orionis; and Bell et al. (2015) have analyzed the kinematics, disc fraction and age diagnostics of 20 co-moving members, determining an isochronal age of 24 +4 −3 Myr. Kharchenko et al. (2013) have also identified this system, characterizing it as an open cluster with an isochronal age of 32 Myr. The system exhibits modest reddening, E(B-V) = 0.04±0.02. Figure 5 compares the equatorial sky coordinates of 32 Orionis members 13 to those of WISE J0528+0901. While slightly outside the "core" of the group, WISE J0528+0901 is still within the 2σ dispersion ellipse of members on the sky. We also compared the Galactic XY Z positions of the five 32 Orionis members with HIPPARCOS parallaxes (32 Orionis, HD 34500, HD 35656, HD 35714 and HD 36823; van Leeuwen 2007) to that of WISE J0528+0901, assuming its M9 dwarf distance. WISE J0528+0901 is spatially coincident with the member stars, overlapping a 3σ dispersion sphere in all three dimensions. There is therefore strong spatial evidence that WISE J0528+0901 is a member of 32 Orionis.
With regard to kinematics, Mamajek (2007) report a mean µ = (+7,−33) mas yr −1 for group members. We performed a new cross-match of 2MASS
14 and WISE sources in the vicinity of WISE J0528+0901 and found µ = (−11±10, −39±12) mas yr −1 for this source, inconsistent with the zero motion reported by Thompson et al. (2013) but consistent with the mean motion of group members. 32 Orionis itself has a heliocentric RV of +18.6±1.2 km s −1 (Kharchenko et al. 2007) , which is identical to the RV measured here for WISE J0528+0901.
DISCUSSION
The observed and estimated physical properties of WISE J0528+0901 are summarized in Table 3 . Spectral, spatial and kinematic evidence are mutually consistent with WISE J0528+0901 being a young substellar object and member of the 32 Orionis group. The isochronal age of this system, 24 +4 −3 Myr (Bell et al. 2015) , is similar to the age inferred from spectral and evolutionary model analysis, as well as that of WISE J0528+0901's β Pictoris counterpart, 2MASS J0608−2753. At this age, the estimated mass from the Baraffe et al. (2003) evolutionary models, assuming a conservative estimate of T eff = 1900±250 K (which encompasses the temperature range inferred from our model fits), is 14 +4 −3 M J , again overlapping the deuterium-burning limit. The estimated log g from the evolutionary models is 4.16 +0.04 −0.08 , only 1.3σ higher than the atmospheric model fits. We also examined predictions from the evolutionary models which include cloud opacity effects in brown dwarf thermal evolution, and found identical values for mass (M = 14 +2 −2 M J ) and surface gravity (log g = 4.12 +0.05 −0.10 ), whether or not cloud opacity is included. There is therefore good agreement between spectral and evolutionary model analyses for this source, assuming it is a 32 Orionis group member.
The additional agreement in the spectral peculiarities between WISE J0528+0901 and its similarly-aged counterpart 2MASS J0608−2753 supports the conjec-13 Bouy & Alves (2015) have recently proposed the bright star Bellatrix (γ Orionis) as a member of the 32 Orionis group based on its position and age; however, the proper motion of this source is sufficiently discrepant from the mean of the other members that its 3D velocity differs by 12 km s −1 , a 10σ discrepany. We have chosen not to include this source in our comparative analysis until the membership of the naked eye star can be confirmed.
14 Thompson et al. (2013) did not make use of 2MASS astrometry for WISE J0528+0901 as it appears only in the 2MASS Reject Table (Cutri et al. 2003) due to a mis-labled artifact flag in the J-band. ture that these features are consistent metrics of age. Nevertheless, WISE J0528+0901 itself appears to be unusually red in J − W 2 color as compared to its young counterparts, in excess of cluster reddening. Condensate cloud effects may play an important role in these color differences (Allers & Liu 2013; Faherty et al. 2013; Gizis et al. 2015) , but so can circumstellar structure: disks and planetary companions (Looper et al. 2010a,b; Schneider et al. 2012) . On the other hand, Filippazzo et al. (2015) have shown that young L dwarfs can be up to 300 K cooler than equivalently (optically) classified field sources, and that this lower temperature provides an explanation for the red J − W 2 colors. For WISE J0528+0901, we find evidence that this last explanation is the most likely. Our model-fit temperature is about ≈200 K cooler than other L1 field dwarfs, and our median-parameter spectral model is also a better match to the overall near-infrared spectral energy distribution (SED) of WISE J0528+0901 than a warmer model ( Figure 6 ). The median-parameter SED (χ 2 = 11.1 for the 2MASS JHK s and WISE W 1 and W 2 bands) requires no significant 3-5 µm excess, and the scale factor to align this model with the photometry corresponds to a radius of 0.18±0.02 R ⊙ , which is consistent with predictions for the radius of a T eff = 1880 K, 25 Myrold brown dwarf from evolutionary models (0.16 R ⊙ for Baraffe et al. 2003) . In contrast, a very low gravity L1 dwarf model (T eff = 2100 K, log g = 4.0) requires significant reddening to match the data, and a radius much smaller (0.13±0.02 R ⊙ ) than predicted by evolutionary models (0.17 R ⊙ ). Given the consistency of our spectral and evolutionary modeling analyses for our medianfit parameters, we conclude that WISE J0528+0901 is cooler than equivalently classified field L dwarfs, and furthermore shows no evidence of warm circumstellar material, although these data cannot rule out the presence of a cooler ( 300 K) disk or companion. No warmer companions were resolved in laser guide star adaptive optics observations reported in Bardalez Gagliuffi et al. (2015) to a limit of ∆H = 3 at 0. ′′ 2 (19 AU). References.
- (1) T eff = 1880 K, log g = 3.8, R = 0.18 R sun T eff = 2100 K, log g = 4.0, R = 0.13 R sun Figure 6 . Absolute 2MASS and WISE photometric fluxes for WISE J0528+0901 (black points) assuming a distance of 93±5 pc. The two longest wavelength points are upper limits based on WISE non-detections. These measured fluxes are compared to two BTSettl spectral models: one with parameters inferred from the L1 VLG classification of the source (T eff = 2100 K, log g = 4.0; red lines and circles), and one with the median parameters from spectral model fitting (T eff = 1880 K, log g = 3.8; blue lines and circles). All models are scaled to agree with absolute 2MASS photometry, and the corresponding radii for those scale factors are listed.
A more detailed analysis of the broad-band spectral properties of WISE J0528+0901, including optical spectroscopy, is needed to assess whether other aspects of this source, such as magnetic emission, are remarkable. WISE J0528+0901 joins a growing list of young, very low-mass brown dwarfs and planetary-mass objects whose ages, distances, kinematics and compositions (assuming a common initial reservoir of gas and dust) are in common with their more massive siblings. As demonstrated here, these systems provide important validation tests for atmospheric and evolutionary models, while also statistically probing the origins of brown dwarfs in our Galaxy.
